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ARTICLE INFO ABSTRACT

Keywords: Coconut shell represents a promising biomass for energy production, given their wide availabil-
Kinetic analysis ity. In this study, the thermo-kinetics of coconut shells were examined through thermogravimet-
Coats-Redfern method ric analysis from 30 °C to 1000 °C at 5 °C/min under N,. Advanced analytical tools assessed the
Coconut shell pyrolysis elemental, microstructural, and morphological attributes of the samples. The thermal degrada-

Thermodynamic characteristics

T tion unveiled three phases: dehydration, devolatilization, and combustion. Notably, the Coats-
Activation energy

Redfern method detailed the devolatilization stage, pinpointing the coconut shell's thermal and
kinetic attributes. The Zhuravlev diffusion equation (DM6) emerged as the most suitable model,
with an activation energy (Ea) and pre-exponential factor of 68.9 kJ mol~" and 0.05 min~’, re-
spectively. Thermodynamic values such as enthalpy (AH), Gibbs free energy (AG), and entropy
(AS) for devolatilization were 65.2, 193.1, and —0.28117, respectively. Collectively, the findings
underscore the significant bioenergy potential of coconut shells, positioning them as a sustain-
able alternative to traditional energy. Such insights play a crucial role in improving pyrolysis re-
actor designs and comprehending the mechanisms of coconut shell pyrolysis, offering potential
solutions for energy deficits and environmental concerns.

1. Introduction

Conventional fossil fuels-coal, oil, and natural gas-currently dominate global energy production, catering to approximately 84% of
the world's energy consumption [1,2]. In contrast, renewable energy sources, including hydro, wind, and solar, fulfill the remaining
demand [3]. Although the International Energy Agency (IEA) noted a 4% decline in global energy demand in 2020 due to the COVID-
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19 pandemic, this rebounded in 2021, with expectations of continuous growth in subsequent years [4,5]. While fossil fuels persist as
the major energy providers, sustainable energy's evolution is palpably gaining momentum and is anticipated to significantly influence
future energy landscapes [6]. Particularly, coal accounts for about 37% of global electricity production [7], but its usage is waning
due to environmental and health concerns. Natural gas, deemed a transitional fuel, has witnessed rapid adoption, with forecasts sug-
gesting a 30% rise in consumption by 2040 [8]. Despite renewables constituting 72% of newly added power capacity in 2020, they
still form a minor fraction of the total energy mix, necessitating substantial investments for wider deployment [9,10]. However, the
growth of electric vehicles and sustainable energy is expected to reduce the consumption of fossil fuels for energy generation in the
coming decades. Natural gas has emerged as the fastest-growing fossil fuel, and projections indicate that its consumption will experi-
ence a significant uptick of around 30% by the year 2040 [11]. It is often seen as a transition fuel to help countries move away from
coal towards cleaner energy sources. Renewable energy is growing rapidly, with solar and wind power leading the way. Global statis-
tics for 2020 revealed that renewable energy accounted for nearly 72% of newly added power capacity across the world [12,13].
However, renewable energy source is still accounted for a relatively small portion of total energy consumption, and significant invest-
ment is needed to accelerate their deployment [14]. Ali, Bahaitham and Naebulharam [15] investigated coconut shell utilizing both
model-free and model-fitting methods, determining an activation energy range of 79.1-226.5 kJ mol *. Moreover, Cheng, Ding, Guo,
He, Gong, Alexander and Yu [16] conducted a study on the hydrothermal carbonization and kinetic modeling of coconut shell. In the
work by da Silva, Alves, de Araujo Galdino, de Sena and Andersen [17], coconut shell was analyzed using model-free methods, reveal-
ing a higher heating value of 18.64 MJ kg .

Coconut shell emerges as a sustainable biomass resource with notable potential for biofuel production and value-added byprod-
ucts like biochar [18,19]. Thermal decomposition kinetics offer a promising avenue to transform coconut shells into bioenergy. These
byproducts have diverse applications, ranging from soil improvement to water treatment and energy generation [20]. While imple-
menting varied heating rates in kinetic studies refines the activation energy estimation (Ea) and enhances the model's alignment with
experimental outcomes [21], it is noteworthy that no other researcher in Bangladesh has previously identified the activation energy,
frequency factor, entropy, Gibbs free energy, or entropy of coconut shell. A potential research gap in the study of coconut shell ther-
mal degradation lies in the limited exploration of the influence of varying process parameters on the kinetics of degradation, hinder-
ing a comprehensive understanding essential for optimizing energy potential through the Coats-Redfern method. Therefore, this re-
search delves into the comprehensive thermal breakdown of the coconut shell, emphasizing its thermal, devolatilization, kinetic, py-
rolytic, and thermodynamic aspects using the Coats-Redfern approach. Applying sophisticated methods such as scanning electron mi-
croscopy (SEM), field emission scanning electron microscopy (FE-SEM) coupled with energy-dispersive X-ray spectroscopy (EDX),
fourier transform infrared spectroscopy (FTIR), and thermogravimetric analysis (TGA), this research aims to attain a comprehensive
understanding of the properties and behavior of coconut shells. Our objective is to decipher the intrinsic mechanisms steering the
thermal decomposition kinetics of the coconut shell, assessing its viability as a green energy resource. The insights gleaned hold pro-
found implications for promoting sustainable technologies that valorize coconut shells and comparable biomass resources. The out-
come of this study will contribute significantly to the scientific community in Bangladesh by enhancing our understanding of its po-
tential applications in various industries.

2. Materials and method

2.1. Sampling collection and processing

Three samples of coconut shells were collected from a local farm at Islampur in Jashore, Bangladesh, as depicted in Fig. 1. To elim-
inate potential contaminants, an initial cleaning procedure was executed using compressed gas, followed by a subsequent rinse with
distilled water. Based on methodologies referenced in Refs. [22,23], the shells were subjected to heating at a constant temperature of
110 °C until a weight equilibrium was observed. For granulometric standardization, the shells were initially processed to a micron
scale using laboratory-grade shredders. This was supplemented with an additional comminution step using crushers. The final mater-
ial was then sieved to ensure a consistent particle size, using a sieve plate with apertures of 130 pm.

2.2. Characterization

By maintaining the American Society for Testing and Materials (ASTM) standard methods, thermal analysis was conducted using
an electric oven and muffle furnace. This study was done to mark the amount of moisture content, volatile matter, fixed carbon, and
ash content in the samples. Ultimate study was conducted using a CHNS elemental analyzer (PerkinElmer 240011, USA). The higher
heating value (HHV) measurement was conducted using a 1341 Plain Jacket Calorimeter, which was calibrated prior to experimenta-
tion. The procedure adhered to ASTM E711 guidelines, and to ensure the accuracy of the results, the tests were carried out in tripli-
cate. To recognize the functional groups that exist in coconut shell, a PerkinElmer spectrum FT-IR Spectrometer was used. In this re-
search, SEM analysis (Brand: Fei, Model: Quanta 450) was employed to examine the morphological characteristics of coconut shells.
High-resolution images and elemental composition data were acquired through FESEM-EDX analysis (Brand: Jeol, Model: JSM-
7800F). The morphology of the coconut shell was assessed using FESEM-EDX spectra obtained with a SIRION200 Schottky field emis-
sion scanning electron microscope (SFE-SEM), which was equipped with a Rontec EDX system.

2.3. Thermogravimetric analysis

For analyzing the thermal degradation characteristics of the coconut shell, TGA was conducted using a (Q 500 series) TGA instru-
ment (TA Instruments, USA). The TGA was performed on the sample, weighing between 10 + 0.5 mg. The study involved determin-
ing the mass loss of the coconut shell while it was heated from 30 °C to 1000 °C at 5 C/min heating rate. To maintain an inert atmos-
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Fig. 1. Samples collection and preparation: (a) coconut tree and (b, ¢) coconut shell separated and ready for drying under the sun.

phere, nitrogen gas was used with a 60 mL/min flow rate. The TGA was repeated three times using the same heating rate to achieve
the highest accuracy with the lowest error. In addition to understanding the thermal breakdown behavior during pyrolysis process
and calculating the kinetics and thermodynamic characteristics of the process, the TGA data were used.

2.4. Kinetic study

2.4.1. The equation for the Coats-Redfern model

Chemical processes involve rearranging the molecular or ionic components of a reactant to another products [24]. In the case of
biomass conversion, the reactant is often a solid substance made of a range of organic compounds, and the yield of the reaction is indi-
cated by the production of non-condensable gases, bio-oil, and biochar. The level of conversion may be used to determine how far a
reaction has proceeded. This can be measured for pyrolysis or combustion processes by analyzing the changes in heat (using calorime-
try) or mass (using thermogravimetry). The amount of conversion may be stated mathematically (Eq. (1)) as-

_ Xinitial — %
X,

initial ~ Xfinal M
Where, Xijitiag = initial value, xg,, = final value, x, = value at time t, « = extent of conversion.

Temperature (T), pressure (p), and the degree of conversion () all affect the kinetics of a chemical reaction, which is defined as
the rate of change in the amount of conversion over time. As a result, the rate equation can be represented mathematically by a func-
tion that incorporates all of these components.

do _
T SRS @A) e %)

where, h (p) is ignored in most kinetic computations for thermal decomposition [25]. Eq. (2) then can be truncated as-

‘;—‘: S RT) L (0) v eee oo e e e e oo e e et e e e e e e e e e e 3)

It is essential to remember that the influence of pressure on a reaction cannot be underestimated, particularly in processes involv-
ing gaseous reactants or products. The rate of conversion is likewise temperature dependent and is typically denoted by the "rate con-
stant" k(T). It is not, however, a constant and can be expressed using the Arrhenius equation.

K (T) = A €TRF oo oo oo oo e e e C))

Where, A = pre-exponential factor, min~!, E, = Activation energy, KJ.mol 'R = Universal gas constant, T = Absolute temper-
ate.

The E, of a reactant can be regarded as the lowest energy required to stimulate the reactants to reach an active state, where a reac-
tion can occur. The reaction environment provides the energy needed to break the necessary bonds and make an active or transition-
state complex, which then moves on to the next step of the reaction [26]. The pre exponential factor (A), also referred to as the "fre-
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quency factor" or "attempted frequency," can be expressed as the number of collisions per unit time that occur with the appropriate
orientation to react [27].
Combination of Eq. (3) and Eq. (4) generate Eq. (5) is as follows-
da

m I N S () P 5)

The function f(«) signifies the liaison between the conversion rate and the extent of conversion and can be denoted as the reaction
model. During the course of kinetic calculations, it is common to encounter the integral form of a reaction model expressed as g («) in
Eq. (6).

o d(x t_£
£@= Fw /oe ! ©

From Eq. (6), it can be inferred that by knowing A, E, and f (a), the conversion rate can be explicitly expressed. The appropriate
amalgamation of kinetic factors A, E, and f(«a) is referred to as the "kinetic triplet,” which describes a specific reaction. The primary
goal of kinetic analysis is to determine the kinetic triplet, which includes the E,, A, and reaction order.

ops . _dT

Eq. (6) can be modified at a heating rate f, such that p = .

“d ()
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Or, g (o) = IZ_IE{/ ex;;dx (8)

Where, x = £ and p(x) = [° %‘dx

The reason for substituting the lower limit of temperature integral in Eq. (7) with 0 instead of Ty is that there is no chemical reac-
tion that takes place within the temperature range of 0 to T. This substitution can be acceptable by considering the statistic that the
reaction rate is directly proportional to temperature and is negligible at temperatures close to absolute zero. Therefore, any contribu-
tion to the integral from the temperature range of 0 to T is negligible and can be safely ignored.

Due to the inability to derive an analytical solution for the integral term present on the right-hand side of Eq. (8), Coats and Red-
fern resorted to the application of the Rainville function as a means of obtaining a solution. As a result of this approach, they derived
the Coats-Redfern equation [28] which can be written in a mathematical formula as (Eq. (9)):

s@) _ . [(ARY (28] Ea

Activation energy (E,) and frequency factor (A) was computed by plotting a curve from Eq. (9) in [g}—(?] vs 1000/T(K). The E, can
be computed using the slope of the straight line, (-E/R) and In( Aﬁ—g) will be its intercept. The suitable reaction mechanism approach g
(a) was applied to determine the values of E, and A. The values of these parameters were obtained by estimating the slope and inter-
cepting the regression lines. Twenty-one reaction mechanism models (Table 1) were included in this study to determine the kinetic
and thermodynamic parameters for coconut shell.

2.4.2. Thermodynamic data calculation
In order to calculate the thermodynamic characteristics (AH, AG, and AS), related to kinetics data were used. The relations uti-
lized to calculate thermodynamic characteristics are shown from Eqgs. (10)-(12).

Enthalpy Change AH = Ea-R X T (10)
Gibbs free energy AG = Ea+ R X Tm X In (Kb x T/h X A) (11)
Entropy AS = (AH - AG)/ Tm 12
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Table 1
Function g(a) as a Representation of Reaction Mechanism Models in the Coats-Redfern Method.

Model Name Symbol g(x)

0" Order CROO a

1st Order CRO1 - In(1- o)

1.5th CRO1.5 2[(1- @™ *-1]
2nd Order CRO2 [1/(1-0)] -1

3rd Order CRO3 0.5[(1- ®™>- 1]

1 way Transport DM1 o?

2 way Transport DM2 (1-o)-1n(1- o) + «
3 way Transport DM3 [[-In(1- 0)]/*1
Valensi equation DM4 a+ (1- )n (1- o)
Ginstling Brounstein equation DM5 1-2a/3)- (1- 0%
Zhuravlev equation DM6 [Q- 0()_1/ 3—1]2
Jander equation DM7 [1- - 312
Ginstling equation DMS8 1- (0.67a) - (1- 0()0'57
Cylindrical Shape GM1 1-(1- 2
Sphere Shape GM2 1-(1- 3

5 power law NM1 o?

1/3 power law NM2 ot/?

Y4 power law NM3 o4

Y2 Avrami Erofeev Equation NM4 [-In(1- (x)]l/ 2

1/3 Avrami Erofeev Equation NM5 [-In(1- 01"

2/3 Avrami Erofeev Equation NM6 [-In(1- (x)]z/ 3

3. Result and discussion

3.1. Coconut shell characterization

Table 2 represents the proximate and ultimate results of coconut shell, with coal and other coconut shell values provided as a ref-
erence. The examined results (mean = SD) of samples ash yield 6.7 = 0.05 %, volatile matter 49.9 + 0.48 %, fixed carbon
36.5 *+ 0.35%, and moisture 6.9 = 0.07%, respectively. Compared to bituminous coal, coconut shell shows high volatile matter
(mean, 49.9 + 0.48%) and low level of ash content (6.7 + 0.05%) indicating coconut shell appropriate for thermal applications and
prospecting a higher amount of bio-oil production. In addition, the investigated coconut shells make them a better ignition fuel and
results in less slagging, low contamination, and poor agglomeration. Moreover, with a low ash content in biomass incurs negligible
processing and least management cost [29]. While selecting a fuel, the percentage of moisture content is another crucial considera-
tion [30]. In that case, with a <10 wt% of moisture content biomass can be a suitable feedstock. The fixed content of carbon in co-
conut shell is 36.5 = 0.35 wt%, significantly less than coal. Fixed carbon is the remaining combustible product after the de-
volatilization region that gives the information of the extent of pyrolysis kinetics throughout thermochemical processes [31]. Due to
the lower amount of sulfur (0.5 *+ 0.01%) and nitrogen (2.1 * 0.01%) content in coconut shells, the mixture of NOx and SOx
throughout pyrolysis process will be negligeable. Coconut shells contain a significant volume of fixed carbon (41.8 + wt.%) and hy-
drogen (4.1 + wt.%), that indicates their potential as a fuel source.

Higher heating value (HHV), indicative of potential energy output of a fuel, is determined to quantify the energy that was released
from a fuel when it is completely combusted. It is defined as the amount of heat energy that is released when one unit of mass of fuel is
completely burned. This includes the energy that is released when any water vapour that forms during the burning process turns into
liquid water. Fig. 2 shows the HHV of coconut shell and other biomass components. From the figure it is clear that coconut shell has a
HHV of 17400 (KJ kg™) compared to other sources.

Table 2
Proximate and ultimate analyses of coconut shell samples (n = 3), mean + SD and compared with others.

Analysis Current/This study Coconut shell” Bituminous coal’

Proximate analysis (dry basis wt.%)

Ash content 6.7 = 0.05 5.2 12.9
Volatile material 49.9 + 0.48 71.7 21.8
Fixed carbon 36.5 = 0.35 11.8 57.9
Moisture content 6.9 * 0.07 8.3 7.4

Ultimate analysis (dry basis wt.%)

C 41.8 = 0.65 42.3 66.5
(0] 51.5 = 0.51 52.0 13.3
H 4.1 = 0.08 4.6 4.4

S 0.5 = 0.01 0.4 0.6

N 2.1 = 0.01 0.6 1.2

2 Menon, Sampath and Kaarthik [32].
b Coppola, Solimene, Bareschino and Salatino [33].
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Fig. 2. HHV (KJ.kg_l) of coconut shell and other biomass components [34].

In Fig. 3a, SEM image provides valuable insights into the surface morphology of the coconut shell sample under investigation. A
closer analysis of the microstructure indicates that the particles exhibit a notable degree of variation in terms of their size and shape.
The coconut shell particles can be separated into distinct classes based on the aforementioned observations. These categories include
large fibrous particles with an average length of 92.0 pm (range: 112.4 to 38.3 pm) and width of 15.4 pm (range: 26.4 to 9.3 pm). Ir-
regular spherical or prismatic porous particles are observed. The FESEM photomicrograph (Fig. 3b) provides a detailed view of the fi-
brous particles, revealing their surfaces rough, irregular spherical or semispherical lens-like morphological structures. The average di-
ameter of these lenses is 1.9 pm. The sample contains a significant proportion of carbon (56.1%), and oxygen (42.6%), as well as
smaller quantities of zinc (0.22%), phosphorous (0.62%), and sulfur (0.31%). Nitrogen and trace elements are presented in the sam-
ple.

FTIR spectra from Fig. 4, shows that coconut shell is a lignocellulosic product which is mostly formed of cellulose, lignin, and
hemicellulose. As a result, it contains various oxygenated functional groups such as esters, ketones, alkanes, aromatics, and alcohols
[35]. The absorption groups observed at 3444 cm™ correspond to the O-H stretching [36]. Coconut shell, on the other hand, has ad-
ditional bands at 2912 cm™! due to C-H stretching [37]. Moreover, two significant bands at 1262 cm™" and 1045 cm™ are detected in
coconut shell, that indicate CH, symmetric stretching [38]. Additional minor group detected at 617 cm™! was related with C-O-C
stretching which consistent with other [38]. The spectra of the sample also reveals the presence of bands related with cellulose, hemi-

p 2 4 B 8 10 12 14 16 18 20
Full Scale 2304 cts Cursor: 0.000 ke

Fig. 3. Morphological characteristics of coconut shell: (a) SEM image (b) FESEM with EDX.
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Fig. 4. FT-IR spectrum for coconut shell.

cellulose, or lignin, which was consistent with reference [39]. Based on the results, it is likely the results indicate that the investigated
coconut shell contains C-H, O-H, and CHj stretching.

3.2. Thermal degradation characteristics and behavior of coconut shell

Coconut shells are mainly characterized by hemicellulose, cellulose, and lignin. Every element has its own behavior of decomposi-
tion and reaction rate [40]. The three stages of coconut shells degradation can be identified by the TGA curve (Fig. 6). A temperature
up to 300 °C is the dehydration stage for coconut shell. In this region, poorly bound water atoms and degradation of certain extrac-
tives occurred, as illustrated by the slope in Fig. 6. The process of dehydration resulted in a reduction of mass by 2.5 wt%. In the sec-
ond region of the process, the devolatilization stage was identified as the stage with the highest mass loss. This region is commonly
denoted to as the active pyrolysis region. The rate of decomposition in devolatilization stage was 18.8 wt% during pyrolysis.
Throughout the devolatilization region of the pyrolysis process, the breakdown of cellulose, hemicellulose, and small volume of lignin
occurred, leading to resulting in volatiles formation [41]. Larger molecular mass products are degraded into lower molecular mass
products under steady non-isothermal thermal input [29].

The peak observed on the DTG curve in Fig. 5 represents the breakdown of natural polymer such as hemicellulose and cellulose
[42]. Following the devolatilization stage, the substance that remained is regarded as biochar. The temperature up to 655 °C is the
char formation stage for coconut shell. The process of combustion resulted in a reduction of mass by 14.2 wt% due to organic con-
stituents burnt and volatized. It is known as the passive pyrolysis area, and it is at this stage that lignin is mostly degraded. The quan-
tity of unburned material remaining after processing was 64.2 wt%. The pyrolysis process exhibited the maximum mass loss at 455 °C
deducing from the DTG results. Mansaray and Ghaly [43] stated that this peak in mass loss can be explained as due to the decomposi-
tion of cellulose and hemicellulose, as well as the partial degradation of lignin. During the passive pyrolysis region, it was determined
that the breakdown of lignin occurred at a much slower rate compared to other regions of the pyrolysis process.

100 0.00
Dehydration
95 Devolatll}zat]on L 0.02
Combustion
90
= F -0.04 ;\?
X 8 =
< B
20 80 4 F-0.06 O
R} =
= a
75
I -0.08
70
L -0.10
65 4
T T T T
0 200 400 600 800 1000
Temperature (°C)

Fig. 5. TGA and DTG curve for coconut shells.
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Experimental data|
Model fitting

Intercept -6.66011 + 0.03581
Slope -8.2919 + 0.02647
17 R? 0.9796

-16

ln(gg,/Tz)

-19 4

-20

T T
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Fig. 6. DM6 (diffusion model) at 5 °C/min heating rate.

3.3. Kinetic analysis

The study focused on the estimation of the kinetics within the active pyrolysis range, where a one-step mechanism was assumed. A
total of 21 reaction mechanisms categorized into 4 types, along with their respective kinetic parameters (E, KJ.mol 'and A, min™).
To identify the most suitable model, linear regression coefficient (R?) was applied. The Coats-Redfern approach was selected to evalu-
ate the kinetics of coconut shells. E, (KJ.mol™") and A (min~!) were analyzed using this method. The devolatilization region was se-
lected for the kinetic analysis (315 °C-655 °C).

Table 3 shown the kinetic analysis for the devolatilization zone. Using 21 different reaction models, E,, A, and R? values were
calculated. Model CRO1, CRO2, CRO3, DM1, DM4, DM5, DM6, DM7, DM8, GM2 showed good regression coefficient
(R® = 0.96-0.98) and this result agreed with the literature [44]. For 5 °C/min heating rate, the E, of CRO1 model was
26.3 kJ mol L. The E, for CRO1 and CRO1 are 32.6 kJ mol~! and 39.8 kJ mol~}, respectively. The E, for diffusion model DM6 was
68.9371938 kJ mol~! which showed the best regression coefficient (R? = 0.98). Diffusion models DM1, DM4, DM5, DM7 and DM8
also showed good regression coefficient with the E, of 53.9 + 3.66189, 57.291774 *+ 3.66189, 58.5413682 =+ 3.66189,
61.0472078 + 3.66189, and 58.5280658 + 3.66189 in KJ.mol™!, respectively. GM2 represented a good regression coefficient
(R? = 0.962) with the E, of 24.3882876 * 3.66189 kJ mol™".

The frequency factor exhibits a positive correlation with the heating rate across all reaction mechanism models. The frequency
factor serves as an indicator of the collision frequency among the molecules undergoing reaction at a standard concentration. Bala-

Table 3
Kinetic parameters of devitalization region.

Model Devolatilization region

Ea (KJ.mol ") R A (min™")
CROO 20.8041222 0.946 0.00015311
CRO1 26.3154728 0.967 0.00056746
CRO1.5 18.3481666 0.928 0.00025002
CRO2 32.6415954 0.974 0.00239729
CRO3 39.7592108 0.974 0.01150514
DM1 53.8797084 0.969 0.01985402
DM2 3.7429628 0.877 2.97E-06
DM3 13.4528834 0.944 5.50E-05
DM4 57.291774 0.973 0.0206045
DM5 58.5413682 0.974 0.00596844
DM6 68.9371938 0.98 0.0529606
DM7 61.0472078 0.976 0.01014418
DM8 58.5280658 0.974 0.0059225
GM1 23.457951 0.958 0.00014507
GM2 24.3882876 0.962 0.00012044
NM1 4.2667448 0.721 4.44E-06
NM2 0.1499 0.299 8.11E-08
NM3 4.0023596 0.87 1.56E-06
NM4 7.0220044 0.887 1.25E-05
NM5 0.5911254 0.103 4.58E-07
NM6 13.4528834 0.944 5.50E-05
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Fig. 7. Kinetic characteristics of several biomass resources.

Table 4
Thermodynamic characteristics of coconut shell pyrolysis.

Model AH AG AS

CROO 17.0212522 167.067428 —-0.32977
CRO1 22.5326028 167.6231873 —0.31888
CRO1.5 14.5652966 162.7564275 —0.32569
CRO2 28.8587254 168.4984587 —0.3069
CRO3 35.9763408 169.6828161 —0.29386
DM1 50.0968384 181.7393329 —0.28932
DM2 —0.0399072 164.9155894 —-0.36254
DM3 9.6700134 163.5896823 —0.33828
DM4 53.508904 185.0110423 —0.28902
DM5 54.7584982 190.9477012 —0.29932
DM6 65.1543238 193.085286 —-0.28117
DM7 57.2643378 191.4470539 —0.29491
DMS8 54.7451958 190.9636294 —0.29938
GM1 19.675081 169.9253057 —0.33022
GM2 20.6054176 171.5596578 -0.33177
NM1 0.4838748 163.9263191 —0.35921
NM2 -3.63297 174.9471503 —0.39248
NM3 0.2194896 167.6073556 —0.36789
NM4 3.2391344 162.7655615 —0.35061
NM5 -3.1917446 168.8400055 —0.37809
NM6 9.6700134 163.5896823 —0.33828

sundram, Ibrahim, Kasmani, Hamid, Isha, Hasbullah and Ali [45] suggested that the frequency factor is linked to the number of colli-
sions between particles that take place in the proper orientation required for a successful reaction to occur.

In the devolatilization region, the Zhuravlev equation is found to be the best-fitted diffusion model, with the E, of 68.9 kJ mol .
Fig. 6 shows the best fitting diffusion model. Fig. 7 shows the comparison of the E, of different biomass sources. The approach of se-
lecting an appropriate model for estimating kinetic parameters solely based on the highest regression coefficient (R?) has been previ-
ously utilized by many researchers [46] for date seeds [47], for trunk (date palm) [48] for surface fiber using Coats-Redfern method,
and [49] for bamboo waste using Ozawa-Wall-Flynn, Kissenger-Akahira- Sunose, and Friedman method.

3.4. Calculation of thermodynamic parameters

Table 4 represents the thermodynamic characteristics of coconut shell pyrolysis. Several kinds of reaction mechanisms were ap-
plied to identify the thermodynamic characteristics change in Gibbs free energy (AG); change in enthalpy (AH); change in entropy
(AS). Thermodynamic characteristics were analyzed at a constant heating rate of 5 °C/min. Positive AH values indicate that coconut
shells need external energy to initiate pyrolysis kinetics. The best-fitted model DM6 showed the enthalpy of 65.2 kJ mol™! AG gives
information linked to the spontaneity of the reaction [50]. All AG values for each model are positive, suggesting that the decomposi-
tion of the coconut shell is not a spontaneous process. The best-fitted model DM6 showed the Gibbs free energy of 193.1 kJ mol L.

The calculated AS data are found to be negative, representing that the disorder of the products after dissociation is lower than that
of the initial reactants. This suggests that the activated state during the thermal decay process has a more ordered structure associated
to the initial reactants, and the reactions taking place in this state are more accessible than predicted. The best-fitted model DM6
showed the enthalpy of —0.28117 kJ mol ™.
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4. Conclusion

Coconut shell biomass holds significant promise as a renewable energy source for power generation. Our research reaffirmed the
samples' potential for bioenergy, highlighted by their rough, fibrous surfaces and notable carbon content (56.1%), primarily consti-
tuted of lignocelluloses with an amorphous structure. Thermal and kinetic evaluations, using the Coats-Redfern method at a 5 °C/min
heating rate, revealed a complex, multi-stage decomposition. The Zhuravlev diffusion equation (DM6) emerged as the most fitting
model for this process, boasting an activation energy (Ea) of 68.9 kJ mol~! and a commendable R? value of 0.98. Thermodynamic
metrics suggest that the sample's pyrolysis kinetics are endothermic and non-spontaneous, as inferred from AH and AG values. For en-
hanced yields in the devolatilization phase, we recommend investigating synergistic interactions between coconut shells and other or-
ganic fuels. While this study focused on a singular heating rate, future research should delve into varied rates, gauging their potential
benefits for materials like coconut shells.
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